Carbon catabolite repression (CCR) is a key regulatory system found in most microorganisms that ensures preferential utilization of energy-efficient carbon sources. CCR helps microorganisms obtain a proper balance between their metabolic capacity and the maximum sugar uptake capability. It also constrains the deregulated utilization of a preferred cognate substrate, enabling microorganisms to survive and dominate in natural environments. On the other side of the same coin lies the tenacious bottleneck in microbial production of bioproducts that employs a combination of carbon sources in varied proportion, such as lignocellulose-derived sugar mixtures. Preferential sugar uptake combined with the transcriptional and/or enzymatic exclusion of less preferred sugars turns out one of the major barriers in increasing the yield and productivity of fermentation process. Accumulation of the unused substrate also complicates the downstream processes used to extract the desired product. To overcome this difficulty and to develop tailor-made strains for specific metabolic engineering goals, quantitative and systemic understanding of the molecular interaction map behind CCR is a prerequisite. Here we comparatively review the universal and strain-specific features of CCR circuitry and discuss the recent efforts in developing synthetic cell factories devoid of CCR particularly for lignocellulose-based biorefinery. [BMB reports 2012; 45(2): 59-70]
INTRODUCTION
Microbial cell factory is gaining unprecedented momentum as the metabolic engineering has been more and more aided by "rationally" designed biological parts or pathways. Recombinant DNA technology makes synthetic microbes increasingly find their use in replacing the petrochemical processes for the production of drugs, fuels, and other value-added chemicals from renewable sources (1-3). Despite recent advances in the rising field of synthetic biology, however, the overwhelming complexity of living cells remains a formidable challenge in mapping desired traits onto a genome of a host cell. This is particularly so because even a simplest and seemingly intuitive trial of rewiring in the subcellular networks is unavoidably accompanied by the conflict of "interest" among nontrivial fitness effects. At the same time, microorganisms are amazingly good at adapting themselves to new environments, and it is often the case that the rationally developed strains would be swept away, with microbes restoring its optimal physiology for survival but not for economic viability. Here is the point where the rational construction of the production strains requires the system-level understanding of host cell physiology in light of evolution (4). Microorganisms have limited foraging capability and so have to survive constantly fluctuating environments, where optimized uptake and assimilation of nutrients provides crucial fitness benefit. Carbon catabolite repression (CCR) is such a boon to microorganisms for their survival and dominance in ever-changing nutrient conditions. The basic principle underlying CCR is universal in all microbes, that is, the most energy efficient cognate substrate is the most preferred carbon source. This is usually achieved through the inhibition of expression of genes encoding for enzymes involved in the catabolism of carbon sources other than the preferred ones (5). Nonetheless, each group of bacteria has evolved its own way of achieving CCR. The molecular machinery behind CCR (Table 1) varies widely across the species, with CCR being enforced and operable at different levels including transcriptional (6), post-transcriptional (7), translational (8) and biochemical regulations (9) which has fascinated scientists for over half a century. On the other hand, CCR continues to be a major hurdle to be overcome for efficient use of, particularly, the agricultural biomass, lignocellulose (10). Since lignocellulose is a highly recalcitrant substrate comprised mainly of cellulose, hemicellulose, and lignin, which can be broken down into a heterogeneous mixture of fermentable sugars, glucose, xylose and arabinose, CCR would severely affect the yield and productivity of fermentation process (Fig. 1) . In fact, CCR persists even when the alternative sugar utilization phenotype is introduced as a constitutively expressing heterologous pathway (11) and the molecular mechanism behind CCR remains a contentious issue. Considering the mass of studies so far conducted in this topic, it comes as a surprise that the textbook wisdom on the major contributor to CCR even in the classical Invited Mini Review http://bmbreports.org
Mode of action Example
Inducer exclusion
Anti-induction Induction prevention
Catabolite inactivation
In the presence of a preferred substrate, the inducer for secondary carbon source is excluded from the cell Inducer of cognate substrate acts as a repressor of secondary carbon source and hence prevent its induction Selective inhibition of the first step of secondary carbon metabolic pathway leads to the prevention of further induction of the downstream genes Preferred carbon source acts as a feedback inhibitor of the key metabolic enzyme of secondary carbon source lac operon system of Escherichia coli is currently under debate (12). Accordingly, to achieve yield-efficient production strains, it is indispensable to scrutinize the molecular interaction network responsible for CCR in quantitative basis. In this review, we highlight the diverse molecular modes of CCR and the strategies employed to overcome the above-mentioned difficulty in industrial biocatalysts.
CARBON CATABOLITE REPRESSION: UNIVERSALITY AND SPECIFICITY CCR as an evolutionary outcome
CCR regulates access to different nutrients in a highly economical manner acting as a first-line cognitive screening instrument in microorganisms. Aside from controlling the uptake and the ensuing metabolism of particular carbon sources, CCR also facilitates the survival of microorganisms by influencing other adaptive behavior, such as virulence, motility, and intracellular communication.
At the same time, CCR helps microorganisms become adjusted at an optimal physiological condition that does not
